The urokinase receptor (uPAR) coordinates plasmin-mediated cell-surface proteolysis and promotes cellular adhesion via a binding site for vitronectin on uPAR. Because vitronectin also binds plasminogen activator inhibitor type 1 (PAI-1), and plasmin cleavage of vitronectin reduces PAI-1 binding, we explored the effects of plasmin and PAI-1 on the interaction between uPAR and vitronectin. PAI-1 blocked cellular binding of and adhesion to vitronectin by over 80% (IC 50 ‫ف‬ 5 
Introduction
Generation of pericellular plasmin by urokinase (uPA), 1 with subsequent direct or indirect proteolysis of the extracellular matrix, is felt to be an important component in matrix remodeling and cellular migration (1) . This paradigm has recently been verified by analysis of plasminogen-deficient mice, which exhibit delayed wound healing (2) . As the urokinase/plasmin system appears to be intricately involved in inflammation, wound repair, angiogenesis, and tumor development (1) (2) (3) (4) , regulation of these proteases has been extensively studied. The local tissue levels of active urokinase and plasmin are regulated by plasminogen activator inhibitor types 1 and 2 (PAI-1 and PAI-2) as well as by surface receptors for the proteases (5) . Plasminogen/plasmin binds to specific cell surface receptors, and once bound is protected from the major plasmin inhibitor, ␣ -2-antiplasmin (6) . Active two-chain urokinase and its single chain pro-enzyme form (pro-uPA) avidly bind to specific glycosylphosphatidylinositol (GPI)-anchored cell surface receptors (uPAR), also promoting focused pericellular proteolysis (7, 8) . Although urokinase bound to uPAR is relatively stable on the cell surface, inhibition of active urokinase by complex formation with PAI-1 or PAI-2 results in rapid removal of urokinase/PAI/uPAR complexes from the cell surface, degradation of urokinase/PAI, and recycling of uPAR (4) . Thus occupation of cell surface uPAR by uPA and concomitant urokinase activity are transient in the setting of these protease inhibitors. Expression of these elements of the plasminogen activator system, urokinase, uPAR, and especially PAI-1, are upregulated during inflammatory (9, 10) and malignant (11) processes. The net effect of competing interactions among these components of the urokinase/plasmin system, as they determine pericellular plasmin generation, regulates extravascular fibrin turnover.
In addition to binding urokinase, uPAR is a multifunctional protein implicated in cellular adhesion (12, 13) , migration (14, 15) , and signaling (16) . We have previously documented a nonproteolytic role for uPAR as a cellular adhesion receptor for the matrixlike form of vitronectin (17, 18) . uPAR contains a vitronectin binding site(s) distinct from the urokinase binding site and the strength of interaction between uPAR and vitronectin is proportional to concurrent uPAR receptor occupancy by uPA. This phenomenon is not dependent upon proteolytic activity as relatively inactive pro-uPA, twochain active uPA, and fragments of the uPA molecule containing only the amino-terminal uPAR-binding domain all promote uPAR/vitronectin binding (17, 18) . More recently, we have demonstrated that the capacity of uPAR to act as an adhesion receptor depends as well on a functional and physical association with integrins (19) . uPAR forms complexes with activated integrins, presumably utilizing integrin connections to the cytoskeleton to promote stable adhesion to vitronectin mediated by the distinct binding site on uPAR. Thus uPAR changes the adhesive behavior of integrins. This association between integrins and uPAR may underly in part previous reports demonstrating a direct role for uPAR in cellular migration (14, 15) , cellular signaling (16) , and transmembrane force transduction (20) . Moreover, because vitronectin is also the major high-affinity PAI-1 binding protein in both blood and tissues (21, 22) , these observations directly link the adhesive properties of uPAR-expressing cells with regulation of a proteolytic cascade known to promote migration.
Cellular migration requires adhesion to the underlying cellular or extracellular matrix (23) . This adhesion may not be so stringent as to prevent movement nor too weak to provide traction. The extent of migration may thus vary with the avidity of adhesion (24) . In addition, adhesion must be regulatable or reversible to allow detachment. Detachment from focal adhesive sites during migration is thought to occur by several mechanisms including cell surface proteolysis, alterations in integrin conformation, and bulk shedding of attachment sites (23, 25) . As uPAR has been implicated in cellular migration, regulates integrin function, and directly interacts with vitronectin, a matrix component prominent at sites of inflammation (10, 26-28), we have explored whether regulatory components of the urokinase/plasmin system also directly modify the adhesive potential of uPAR. As we and subsequently others (29) have recently reported, PAI-1 blocks binding of and adhesion to vitronectin by cytokine-stimulated myeloid cells and also blocks binding of soluble uPAR (suPAR) to vitronectin. While this study was in progress Kanse et al. demonstrated that PAI-1 blocks binding of vitronectin to uPAR on endothelial cells (30) . We extend these observations by demonstrating that PAI-1 can directly affect migration of uPAR-expressing cells on vitronectin. Further, we show that cleavage of vitronectin by plasmin can reduce uPAR-dependent adhesion. Finally, while it has been suggested that uPAR binds to the amino-terminal somatomedin B domain (SMB) of vitronectin (29) , we now present data implicating the heparin-binding domain located at the carboxy end of vitronectin in uPAR binding. These findings shed light on the increasingly complex role of the plasminogen activator system in the regulation of cellular motility and migration.
Methods
Reagents. RPMI 1640 and DME were obtained from Mediatech (Herndon, VA), FBS was from Hyclone Laboratories (Logan, UT), and penicillin, streptomycin, and Hepes were from Gibco BRL (Gaithersburg, MD). TGF-␤ 1 was obtained from Collaborative Research (Bedford, MA) and plasmin from American Diagnostica (Greenwich, CT). Drs. Robert J. Drummond and Steven Rosenberg (Chiron Corporation, Emeryville, CA) kindly donated biotinylated recombinant suPAR, Dr. David Ginsburg (University of Michigan, Ann Arbor, MI) supplied PAI-1 cDNA, Dr. Jack Henkin (Abbott Laboratories, Abbott Park, IL) provided recombinant two-chain high molecular weight uPA, single-chain uPA (pro-uPA), and an aminoterminal fragment of uPA (ATF), and Dr. M. Uskokvic (HoffmannLaRoche Laboratories, Nutley, NJ) furnished 1,25-(OH) 2 vitamin D 3 (D 3 ). Two-chain uPA was inactivated by incubation with diisopropylfluorophosphate (DFP-uPA) as described (13 Cell lines, expression plasmids, and transfections. U937 myelomonocytic and 293 transformed kidney epithelial cells were obtained from the American Type Culture Collection (Rockville, MD) and maintained as previously described (13, 18) . U937 cells were stimulated with 1 ng/ml TGF-␤ 1 and 50 nM D 3 (TGF-␤ 1 /D 3 ) for 24 h. This cytokine treatment has been shown to increase expression of uPA, uPAR, and PAI-1 in this cell line (13) . Cell viability throughout the course of the experiments remained greater than 95% as determined by trypan blue exclusion.
Transfection and subsequent expression of a full coding sequence uPAR cDNA has previously been described (18) . Full length PAI-1 cDNA was subcloned into pBluescript II and expression plasmids constructed by inserting the XbaI-XhoI sites into the NheI and XhoI sites of the vector pCEP9. Electroporetic transfection of PAI-1 cDNA (5 g) into uPAR-transfected 293 cells was performed as described (18) with 100 g/ml hygromycin and 1.35 mg/ml geneticin as selection agents. After 2 wk in culture, colonies were isolated and maintained separately. Fluorescence-activated cell sorting analysis to determine expression of uPAR in these cells was performed as previously described (19) .
Vitronectin binding and adhesion. Vitronectin was purified from human plasma by heparin affinity chromatography in the presence of urea (32) . Equilibrium binding of iodinated vitronectin to TGF-␤ 1 / D 3 -stimulated U937 cells was performed as previously described (17) . Nonspecific binding, determined in the presence of 25 M excess unlabeled vitronectin, accounted for Ͻ 10% of total binding. Adhesion of U937 and 293 cells to vitronectin-coated tissue-culture plastic and binding of biotinylated recombinant suPAR to vitronectin-coated wells was also performed as described previously (17, 18) .
U937 cell detachment assay. U937 cells (10 5 cells/well) were incubated with TGF-␤ 1 /D 3 with or without 10 nM pro-uPA or ATF in RPMI/10% FBS in a Falcon 96-well tissue culture plate (BectonDickinson, Mountain View, CA) at 37 Њ C for 24 h to promote adhesion (13) . Alternatively, adhesion of TGF-␤ 1 /D 3 -stimulated U937 cells to vitronectin-coated wells was induced by the addition of 10 nM prouPA in serum-free medium for 60 min (17) . Spontaneous detachment of U937 cells was examined by replacement of medium with fresh RPMI with or without 10% FBS followed by incubation at 37 Њ C for 0-6 h. PAI-1-induced detachment of U937 cells was investigated by replacement of medium with fresh RPMI with or without caPAI-1 followed by incubation at 37 Њ C for 60 min. This PAI-1 preparation was used because of its marked stability in the active state during prolonged incubation at 37 Њ C (33). After incubation the wells were rinsed in normal saline to remove nonadherent cells and adherent cells were fixed, stained with Giemsa, and quantified by measuring absorbance at 550 nm with an automated plate reader (Bio-Rad, Melville, NY) (17) .
293 cell detachment assay. uPAR or uPAR/PAI-1 transfectants (10 5 cells per well) were incubated at 37 Њ C for 4 h in a 96-well tissue culture plate (Falcon Labware, Oxnard, CA) in DME/10% FBS to promote cellular adhesion. The medium was then replaced with fresh DME with or without FBS containing caPAI-1 and/or 100 nM soluble vitronectin. After incubation at 37 Њ C for 24 h, wells were washed and adherent cells fixed, stained, and quantified as described above.
PAI-1 Western blot analysis and ELISA. Conditioned medium from confluent 10-cm dishes of uPAR/PAI-1-transfected 293 cells was collected over 24 h and 1 ml from each clone was lyophilized and subjected to SDS gel electrophoresis in 10% polyacrylamide under reducing conditions followed by immunoblotting as previously described (13) . The primary antibody was a 1:500 dilution of monoclonal mouse anti-human PAI-1 (American Diagnostica, Greenwich, CT), with 1:4,000 peroxidase-labeled goat anti-mouse IgG (Sigma) as the secondary antibody. The blot was developed by chemiluminescence according to the manufacturer's directions (DuPont-NEN, Boston, MA). Conditioned medium was also subjected to PAI-1 ELISA according to manufacturer's directions (American Diagnostica). The presence or absence of FBS in the conditioned medium did not affect levels of PAI-1 as determined by ELISA.
Migration assays. Migration assays were performed in a 96-well chemotaxis chamber using a polyvinylpyrrolidone-free polycarbonate filter with 8-m pores (Neuro Probe, Inc., Cabin John, MD). Where indicated, the top or bottom surfaces of the filter were precoated with 10 g/ml fibronectin or vitronectin. Filters were washed with PBS, blocked with PBS/1% BSA for 60 min at 37 Њ C, and washed again. Cells resuspended at 10 6 /ml in RPMI/0.5% BSA (U937) or DME/ 0.02% BSA (293) were added to the upper chamber. caPAI-1 was added to both upper and lower chambers where indicated and, in the case of U397 cells, caPAI-1 was additionally adsorbed onto vitronectin. Chemotaxis of U937 cells was stimulated by addition of 10 Ϫ 7 M FMLP in the lower chamber. After incubation at 37 Њ C for 2 or 24 h (U937 or 293 cells, respectively), the top of the filter was scraped with a cell scraper. Migratory 293 cells adherent to the bottom of the filter were fixed in methanol and stained with Giemsa, and cell migration assessed by light microscopy. Migratory U937 cells were noted to fall into the lower chamber where they were quantified via a hemocytometer.
Cleavage of vitronectin. Urea-purified unlabeled (200 g/ml) or iodinated (75 ng/ml) vitronectin was subjected to proteolytic cleavage by incubation with plasmin (34), 2 g/ml or 7.5 ng/ml, respectively, with or without 78 or 10.5 g/ml aprotinin as indicated at 37 Њ C. The unmodified mixture was then used for vitronectin binding or adhesion studies in a manner similar to that of uncleaved vitronectin as described above.
Vitronectin was also subjected to cyanogen bromide cleavage (35) as follows. Vitronectin (1.8 mg) was lyophilized, resuspended in 0.75 ml 70% formic acid containing 1.8 mg cyanogen bromide, and incubated for 16 h at room temperature. The mixture was lyophilized again to remove formic acid, resuspended in 20 mM Tris, pH 8.0, and dialyzed against PBS for use in binding and adhesion studies. For some experiments cyanogen bromide-treated vitronectin subsequently underwent plasmin cleavage.
Statistical analysis. Two-tailed Student's t test was performed for comparison of paired mean experimental values. Where depicted, error bars represent the SEM.
Results

PAI-1 blocks binding of and adhesion to vitronectin mediated by uPAR.
Vitronectin is the major extracellular matrix binding site of active PAI-1 and extends the active half-life of this inhibitor which otherwise rapidly becomes latent in solution at 37 Њ C (21). Cellular binding of and adhesion to vitronectin by cytokine-stimulated myeloid tumor cells has previously been shown to be mediated by uPAR and is unaffected by the addition of EDTA, arginine-glycine-asparginine (RGD)-containing peptides, or antibodies to ␣ v ␤ 5 (17) , implying that this adhesion is integrin independent. To determine the effect of PAI-1 on the interaction between uPAR and vitronectin, cytokine-stimulated U937 cells were incubated with iodinated vitronectin (10 nM) and increasing amounts of PAI-1. In agreement with our previous results (17) , specific binding of vitronectin to cytokine-stimulated myeloid tumor cells was enhanced by the addition of exogenous uPA (Fig. 1 a ) . This vitronectin binding was markedly reduced by the concurrent addition of active PAI-1. The effect of PAI-1 was dose-dependent in that addition of 1 nM PAI-1 had little effect on uPA-induced vitronectin binding, 3 nM had an intermediate effect, and Ն 10 nM inhibited binding by over 85%, in agreement with the results of Deng et al. (29) .
We next examined the effect of PAI-1 on cellular adhesion to vitronectin. Addition of soluble active PAI-1 to the medium at the time of cell plating markedly impaired cellular adhesion to immobilized vitronectin (Fig. 1 b ) . Precoating adsorbed vitronectin with active PAI-1 before the addition of cells also abrogated cellular adhesion to vitronectin, implying that initial binding of PAI-1 to vitronectin blocks subsequent uPARmediated cellular adhesion. Indeed, at low concentrations adsorbed PAI-1 was more effective than soluble PAI-1 at inhibiting adhesion.
A cell-free system was utilized to determine if PAI-1 directly inhibits the interaction between uPAR and vitronectin. As shown in Fig. 1 c , active PAI-1 blocks uPA-induced binding of soluble recombinant uPAR to immobilized vitronectin in a dose-dependent fashion. This effect of PAI-1 was noted both in the presence and absence of added uPA. Incubation of PAI-1 at 37 Њ C for 24 h leads to its inactivation (1) and markedly reduces its binding to vitronectin (21) . PAI-1 inactivated in this way was ineffective at blocking uPA-induced binding of su-PAR to vitronectin (Fig. 1 c ) . These findings suggest that the PAI-1-induced inhibition of uPAR-vitronectin binding is a result of the known interaction between active PAI-1 and vitronectin.
PAI-1 induces detachment of cells from vitronectin.
Because the addition of PAI-1 prevented cellular adhesion to vitronectin ( Fig. 1 b ) , we asked whether subsequent addition of PAI-1 to adherent cells would induce detachment from vitronectin. Incubation of adherent cytokine-stimulated myeloid tumor cells with exogenous active PAI-1 resulted in detachment over 60 min as shown in Fig. 2 a. Detachment was induced by PAI-1 in a dose-dependent manner (IC 50 ‫ف‬ 5 nM) with a concentration profile similar to that required to inhibit binding of and adhesion to vitronectin by these cells (Fig. 1, a and b ) and binding of suPAR to immobilized vitronectin (Fig. 1 c ) . This effect of PAI-1 was similar whether cell attachment was induced by uPA over 24 h in serum (as depicted in Fig. 2 a ) or over 1 h in serum-free media to immobilized vitronectin (data not shown). Furthermore, addition of PAI-1 resulted in cellular detachment when attachment was induced by either a relatively inactive precursor (pro-uPA) or a catalytically inactive receptor-binding fragment (ATF) of uPA. As PAI-1 binds poorly to the former (1) and not at all to the latter, these data suggest that cellular detachment induced by PAI-1 is a result of a direct interaction between PAI-1 and immobilized vitronectin and is not mediated by a PAI-1/uPA interaction or induction of cell-surface uPA turnover by PAI-1 (13) .
Addition of exogenous PAI-1 decreased adhesion of cytokine-stimulated U937 cells to vitronectin ( Fig. 1 b and Fig.  2 a ) . As cytokine stimulation markedly upregulates PAI-1 expression in these cells (13), we postulated that endogenous production of PAI-1 might also result in detachment. U937 cells stimulated with cytokines in the presence of uPA and serum are adherent at 24 h and remain so for up to 48 h thereafter (data not shown). However, spontaneous detachment occurs over several hours after a change from serum-containing to serum-free media. Cell adhesion after 2 h in serum-free media is ‫ف‬ 80% of baseline and falls to 20% at 4 and 6 h. Cell viability was similar in serum-containing and serum-free media over this time. We hypothesized that serum may reduce detachment by providing a source of soluble vitronectin to which endogenously produced PAI-1 would bind, thus decreasing the amount of PAI-1 available to interact with adsorbed vitronectin. As seen in Fig. 2 a , the addition of soluble vitronectin blocked the induction of cellular detachment by exogenous PAI-1. Thus it appears that binding of PAI-1 to soluble vitronectin reduces binding of PAI-1 to adsorbed vitronectin, abrogating PAI-1-induced cellular detachment.
To determine more directly if endogenous PAI-1 induces cellular detachment we stably co-transfected transformed renal epithelial (293) cells with both uPAR and PAI-1. Transfection with uPAR alone renders these cells strongly adhesive to serum-coated plastic and this adhesion is mediated by the interaction between uPAR and vitronectin (18) . Several cotransfected clones were isolated with varying degrees of PAI-1 expression (Fig. 2 b , bottom ) . Expression of uPAR in these clones as determined by fluorescence-activated cell sorting analysis did not vary by more than 10% (data not shown). Relative amounts of PAI-1 expression as determined by Western blot were confirmed by ELISA utilizing an antibody that recognizes both active and latent forms of PAI-1. Concentrations of PAI-1 in conditioned media collected over 24 h ranged from undetectable (clone 1) to Ͻ 20 nM (clones 2, 3, and 5) to 75-200 nM (clones 4, 6, and 7) (data not shown). Spontaneous detachment after 24 h in serum-free media was noted in some of the co-transfected clones but was not seen following uPAR transfection alone (Fig. 2 b , top ) . Only those clones with the greatest amount of PAI-1 expression were noted to detach. Indeed, the clone with the highest PAI-1 expression, clone 7, detached spontaneously even in the presence of serum and required lysine-coated tissue-culture plastic for maintenance in culture. Addition of 30-100 nM exogenous caPAI-1 to uPAR-expressing 293 cells (clone 1) resulted in cellular detachment (data not shown). This detachment was blocked by soluble vitronectin in a manner similar to that seen with U937 cells (Fig. 2 a) . Addition of PAI-1 to untransfected 293 cells did not affect adhesion to vitronectin (data not shown). Taken together, these results demonstrate that PAI-1, from both exogenous and endogenous sources, induces cellular detachment from vitronectin when adhesion is mediated by uPAR.
PAI-1 promotes migration of uPAR-expressing cells on vitronectin.
Cellular migration is dependent upon transient attachment to and then detachment from a substrate (23) . We thus sought to determine if PAI-1-induced modulation of cellular adhesion to vitronectin would affect migration. As seen in Fig. 3 a, cytokine-stimulated U937 cells exhibited migration across a porous filter over 2 h in an FMLP gradient. This migration is markedly diminished if the top surface of the filter is coated with vitronectin. The addition of 10 nM ATF, which promotes adhesion of these cells to vitronectin (17) , further reduces migration. The reduction in migration induced by ATF is abrogated by the addition of 20 nM PAI-1, a concentration that markedly reduces cellular adhesion to vitronectin (Fig. 1 b) .
We also examined the effects of PAI-1 on haptotactic motility of uPAR-expressing 293 cells. Little migration was seen over 24 h when the upper and lower surfaces of a porous polycarbonate filter were coated with albumin (Fig. 3 b) . Migration onto the lower surface of the filter is increased severalfold when a haptotactic gradient is provided by fibronectin (Fig. 3 a) . Precoating the top surface of the filter with vitronectin, to which these cells avidly adhere (18, 19) , significantly retards migration. The addition of 20 nM soluble PAI-1 under these circumstances markedly enhances migration and reverses the inhibitory effect of vitronectin. These data underscore the inverse relationship between adhesion to vitronectin and cellular migration in these model systems, and demonstrate a direct role for PAI-1 in enhancing the migration of uPAR-expressing cells on vitronectin.
Plasmin cleavage of vitronectin reduces cellular binding and adhesion and induces cellular detachment. Limited proteolysis of vitronectin by plasmin has been used to map binding sites for PAI-1 on vitronectin (36) (37) (38) . As PAI-1 binding abrogates uPAR-mediated cellular adhesion to and binding of vitronectin, the effects of plasmin cleavage of vitronectin on subsequent cellular binding and adhesion were examined. The initial plasmin cleavage site in vitronectin is at residue 361 in the heparin-binding domain of the molecule (36) . As shown in Fig.  4 a, incubation of soluble vitronectin with plasmin results in limited proteolysis initially generating fragments of 63, 12, and 2 kD followed by formation of additional fragments of 42 and ) were cultured for 24 h in serum-free media (striped bars), or media containing 10% FBS (solid bars), and adhesion was determined. Adhesion is expressed as a percent of that seen in clone 1 cultured in 10% FBS (control) and reflects the mean of triplicate determinations from two independent experiments. *P Ͻ 0.05 vs. clone 1. Western blot analysis of PAI-1 expression in conditioned media containing 10% FBS from clones 2-7 is displayed at the bottom of the figure; similar results were seen in serum-free media.
35 kD (39) . Both adhesion to and binding of vitronectin by cytokine-stimulated myeloid cells are rapidly attenuated by plasmin cleavage (Fig. 4 b) . This effect is specific for plasmin-mediated proteolysis as cleavage of vitronectin at residues 341 and possibly 381 by cyanogen bromide (35) had no effect on either vitronectin adhesion or binding by cytokine-stimulated U937 cells (data not shown). Subsequent exposure to plasmin, however, abrogated the ability of cyanogen bromide-cleaved vitronectin to promote cellular adhesion and binding.
We next sought to determine the effects of plasmin cleavage on cellular adhesion to adsorbed vitronectin. Urea-purified vitronectin adsorbed to tissue-culture plastic was incubated with 1 g/ml plasmin for 60 min at 37ЊC with or without aprotinin. Non-specific binding sites were blocked with BSAcontaining PBS before and after plasmin incubation. Adhesion of suPAR-transfected 293 cells or TGF-␤ 1 /D 3 -stimulated U937 cells in the presence of 10 nM ATF was reduced to Ͻ 5% of control values by this in situ plasmin cleavage (data not shown).
In these experiments incubation of cells with plasmin prior to plating onto vitronectin did not diminish adhesion. Conversely, incubation of adherent cells with plasmin resulted in subsequent detachment (Ͼ 95%) which was blocked by the presence of aprotinin (not shown). While it is possible that the latter results may in part reflect nonspecific effects of plasmin on attached cells, the data reported in this section demonstrate that proteolytic cleavage of vitronectin by plasmin alters a binding site for uPAR important to cellular adhesion.
Peptide mapping of a plasmin cleavage site in vitronectin identifies sequences important in suPAR binding. As vitronectin binding and adhesion was rapidly attenuated by incubation with plasmin, we generated synthetic peptides around residue 361 and determined their effects on uPAR binding. As shown in Table I , peptides VN-3 and VN-4 reduced binding of soluble recombinant uPAR to vitronectin with an IC 50 of ‫ف‬ 8 and ‫ف‬ 25 M, respectively. Peptides VN-1 and VN-2, representing other nearby vitronectin sequences, and peptides SC-3 and SC-4, scrambled versions of VN-3 and VN-4, had no effect on uPAR binding at concentrations up to 500 M. We were unable to determine the effects of these peptides on uPAR-dependent cellular adhesion to vitronectin, as they promoted uPA-independent adhesion of cytokine-stimulated U937 cells (not shown), possibly through nonspecific charge associations related to their basic nature. Nevertheless, the data shown in Fig.  4 and Table I indicate a role for the heparin-binding domain of vitronectin in interactions with uPAR.
Discussion
Results of experiments detailed above indicate that the interactions of uPAR with vitronectin are regulated by components of the uPA/plasmin system. The avidity of uPAR for vitronectin is strongly promoted by occupancy of the receptor with uPA. However, the findings that both PAI-1 and plasmin inhibit this avid association implies that under physiological conditions uPAR-dependent cellular attachment to vitronectin is likely only transient. uPAR occupancy by uPA sufficient to promote cellular adhesion to vitronectin could also be expected to generate local plasmin activity and effect cellular detachment. Conversely, sufficient PAI-1 to block generation of plasmin by receptor-bound uPA could be expected to promote detachment of cells by either of two mechanisms. First, PAI-1 promotes clearance of uPA from uPAR (13, 40) , which would decrease uPAR occupancy and thus cellular attachment to vitronectin. Second, cellular detachment could be effected by direct inhibition of uPAR/vitronectin interactions by PAI-1 as documented in the present study and previous reports (29, 30) . Indeed, PAI-1 appears capable of not only blocking initial binding of vitronectin to uPAR but also of effecting actual detachment of cells already bound. A prediction of this paradigm is that excess PAI-1 might actually promote cellular migration over vitronectin-coated surfaces by abrogating stable interactions with vitronectin. This prediction was verified experimentally in migration assays (Fig. 3) . In the presence of vitronectin, PAI-1 clearly promoted migration of both U937 cells and uPAR-transfected 293 cells across vitronectin. Alternatively, the presence of plasmin would also be expected to promote cellular migration, and this has been previously demonstrated in vitro (41, 42) . A second prediction is that occupancy of uPAR by agonists that promote vitronectin binding but can neither activate plasmin nor interact with PAI-1 could inhibit migration by promoting stable rather than transient cell:matrix contacts, also observed in Fig. 3 . This scenario may explain, at least in part, prior results showing that "inhibition" of uPAR by saturation of the receptor with an inactive amino-terminal fragment of uPA in vivo blocked metastasis in experimental models of tumor progression (43) (44) (45) .
Although uPAR clearly has the capacity to act as an adhesion receptor, available data indicate that not all cells expressing uPAR utilize this receptor to adhere to vitronectin. Kanse et al., for example, found endothelial cell adhesion to vitronectin to be exclusively RGD sensitive and not blocked by uPAR antibodies even though the major vitronectin binding site on the cells appeared to be uPAR (30) , suggesting that these cells adhere to vitronectin via integrins yet also bind vitronectin via uPAR. Similarly, we have found adhesion of human alveolar macrophages to vitronectin to be completely RGD and EDTAsensitive even though these cells express relatively large amounts of uPAR (Rao, N.K., and H.A. Chapman, unpublished obser- The mechanism by which PAI-1 induces cellular detachment from vitronectin is unclear. Direct binding of PAI-1 to vitronectin appears to be required (Fig. 1) . The simplest explanation is that PAI-1 and uPAR compete for a common binding site on vitronectin. As the somatomedin domain is a known high-affinity binding site for PAI-1 on vitronectin (46) , this domain could be such a site. This possibility is supported by recently reported results that recombinant, purified somatomedin B domain, as well as antibodies to this domain, inhibit binding of recombinant soluble uPAR to immobilized vitronectin (29) . Another PAI-1 binding site on vitronectin has been reported near a plasmin cleavage site in the heparin-binding domain (36) (37) (38) . Cleavage of vitronectin by plasmin (Fig. 4) , but not cyanogen bromide, markedly reduces cellular binding and adhesion, suggesting that this region is also important to uPAR/vitronectin interactions. The results of mapping experiments with synthetic peptides surrounding this cleavage site (Table I ) support this prediction. Overall, our data favor the view that PAI-1 interacts directly with vitronectin, likely near the plasmin cleavage site at residue 361, thereby reducing its affinity for uPAR.
Our findings that uPAR and PAI-1 regulate adhesion and migration of cells independently of, though influenced by, urokinase, implies an intrinsic duality of the uPA/plasmin system. Under some conditions, especially in the context of exuberant extravascular fibrin deposition, regulation of the protease activities of uPA and plasmin are rate-limiting in fibrin turnover, wound healing, and the ability of cells to move through tissues. Reported observations in plasminogen-deficient mice (2), in mice overexpressing PAI-1 (47) , and in several models of tumor metastasis (43, 48, 49) are recent verifications of this long-held paradigm. Cell-surface protease activity would appear to be transient and cyclic, as judged by the ability of uPAR itself to recycle following turnover of uPA/PAI complexes (4). Based on observations reported here, these dynamic events could also be expected to effect parallel cycles of enhanced and depressed cellular adhesiveness. We favor the view that these cycles of adhesiveness are synergistic with the protease arm of this system in promoting migration. This view is supported by previously reported data indicating that PAI-1 could synergize with uPA in promoting tumor cell motility in vitro (42, 50) . Why should adhesion be coupled to the protease activity of the uPA/plasmin system? By providing offsetting changes in adhesiveness, this linkage may promote cellular migration without precise regulation of the protease arm of the system. High levels of uPAR occupancy by uPA, unopposed by PAI-1, while promoting attachment would also promote plasmin activity and detachment. Conversely, high levels of PAI-1 would prevent stable adhesion in the event no plasmin was available. The duality of this system allows a plasticity not present in the protease system alone. This plasticity may be particularly relevant in disease states characterized by accumulation of vitronectin and PAI-1, such as atheroma (27, 51), acute inflammatory reactions in the lung (9, 26) , and several cancerous states (52) (53) (54) (55) (56) (57) . Excess PAI-1, while promoting persistence of fibrin and subsequent scarification (47) , may also promote inflammatory and tumor cell mobility within the provisional matrix.
Results of the experiments reported here, and previously by us and others, underscore the intricate relationship between adhesion and migration (19, 24) . Cellular migration is potentially both promoted and retarded at the same time by the complex of attachment sites within an extracellular matrix. As we demonstrate here in haptotactic migration assays, the addition of vitronectin and uPA fragments which promote adhesion to vitronectin markedly retards cell migration from vitronectin onto fibronectin (Fig. 3 b) . In this setting PAI-1 clearly promotes haptotactic migration toward fibronectin. Similarly, uPAR occupancy retards and PAI-1 promotes chemotactic migration across vitronectin (Fig. 3 a) . Although we have not proven that the cells migrating in the presence of PAI-1 have actually detached from vitronectin, we think the strong inverse correlation between strength of adhesion to vitronectin and propensity to migrate favors this view. In contrast, in migration assays in which cells move toward vitronectin, the strength of attachment to vitronectin directly correlates with migratory potential. Cells expressing uPAR adhere to vitronectin and migrate toward vitronectin much better than cells not expressing or unable to use uPAR to adhere to vitronectin (19) . In this setting, PAI-1 may actually inhibit migration. Indeed, this result was recently reported by Stefansson and Lawrence who demonstrated that PAI-1 inhibited ␣ v ␤ 3 -dependent migration of smooth muscle cells toward vitronectin (58) , presumably by inhibiting interactions between ␣ v ␤ 3 and vitronectin. Given the complex relationship between adhesion and migration in vitro, are there clues as to the dominant effects of PAI-1 on migration in vivo? There is a strong correlation between metastasis, poor survival, and PAI-1 expression in some experimental tumor models (42, 50) and numerous clinical studies of cancer (59) (60) (61) . These studies suggest that the dominant effect of PAI-1 in tumor biology may be to promote cell migration. It will be important to determine if our observations that PAI-1 can promote cellular detachment from and migration across vitronectin in vitro underlies, at least in part, the accumulating evidence linking PAI-1 to malignant cellular behavior in vivo.
